Although there is no compelling evidence, at present, against the Standard Model (SM), in the past few years, a number of 2-3 sigma tensions have appeared which could be alleviated simply by adding another generation of fermions. Furthermore, a fourth generation could help resolve the issue of baryogenesis and the understanding of the hierarchy problem.
I. INTRODUCTION
The Standard Model with three generations (SM3) has been very successful in explaining all experimental results to date, in particular CP violation in the K-and B-meson systems is well understood, to an accuracy of about 15-20%, in terms of the CKM matrix of that theory [1, 2] . Recently, however, some "possible evidence" for deviations from SM3 in B decays [3] [4] [5] [6] [7] [8] is claimed. Although these effects can be explained by several physics beyond the Standard Model [9] [10] [11] [12] [13] [14] [15] scenarios, the simplest viable explanation seems to be an extension of the Standard Model to 4 generations (SM4) [16] [17] [18] [19] [20] [21] [22] where the mass of the new heavy quarks is in the range 400-600 GeV.
If further studies in the B system continue to show deviations from the SM3 predictions, it may be difficult to resolve which extension of SM3 is responsible. The most direct way to determine the nature of the new physics which may be involved is to produce it "on shell". Indeed, hadron colliders, particularly the LHC, are ideally suited for this task. Since the LHC generates a significant rate of parton interactions up to energies of ∼1 TeV it may be able to produce direct evidence of the new physics although this is not guaranteed in all cases. For instance, if the explanation lies in warped space ideas [9, 12, 13 ] then it appears that the relevant particles have to be at least approximately 3 TeV [23] rendering their detection at LHC rather difficult [24] [25] [26] .
If the new physics is an additional sequential fourth generation, there would be two new heavy quarks, a heavy charge +2/3 quark (t ′ ) and charge -1/3 quark (b ′ ). These quarks will be produced at the LHC predominantly by gluon-gluon fusions and should be produced at the LHC with appreciable rates [27] . For example at 10 TeV center of mass energy cross-section for pair producing 500 GeV quarks is large, ≈ 1 pb, rising to around 4 pb at 14 TeV and LHC experiments may well be able to study up to about 1 TeV [27, 28] , which is well above the perturbative bound [29, 30] . We also note that experiments have already been searching for the heavier quarks and provided (95% CL) bounds: m t ′ ∼ > 311 GeV; m b ′ ∼ > 338 GeV [28, [31] [32] [33] [34] [35] [36] . These bounds are a little higher than the one quoted in Ref. [37] of m t ′ ∼ > 256 GeV; m b ′ ∼ > 128 GeV at 95% CL. For the analysis to follow an important characteristic of the fourth generation quark doublet is that the mass splitting between the b ′ -and t ′ -quarks is constrained by electroweek precision tests to be small, likely less than m W [38] .
In addition to resolving the phenomenological hints of physics beyond SM3 that are alluded to in the above discussion, if a fourth generation is present, it may be helpful in explaining the long standing hierarchy problem within the SM. With very massive quarks in the new generation it has been proposed that electroweak symmetry breaking may well become a dynamical feature of the model [39] [40] [41] [42] [43] [44] [45] [46] .
Another issue which is naturally addressed by the presence of a fourth generation is the origin of baryogenesis in the early universe. The tiny amount of CP violation allowed in the context of the CKM matrix of SM3 is much too small to supply the CP violation necessary for baryogenesis in the early universe. However, if a fourth generation is present, then there are two more additional phases in the CKM matrix. The effects of these new phases is significantly enhanced [47] by the larger masses of the new generation and so the natural CP violation of SM4 is perhaps large enough [48] [49] [50] to satisfy that Sakharov [51] condition for baryogenesis. It has been pointed out [49] , however, that in the Standard Model with a fourth generation there might not be a first order phase transition hence it may still be the case that additional physics is required to satisfy that condition for baryogenesis. The presence of the two additional phases in the SM4 mixing matrix also can have many interesting phenomenological implications especially in observables that in SM3 are predicted to yield null results [18-21, 52, 53] .
Motivated by these considerations, in this paper we will consider the strategies for detecting fourth generation quarks at the hadron colliders. In Section II we present the expressions for the decay distributions of the decay of a fourth generation quarks considering, in particular the energy spectrum of the lepton that is produced by the decay of such a quark.
In Section III we discuss the various event samples which are most likely to be useful in obtaining signals of heavy quarks. In particular, we will consider signals consisting of multiple hard jets with missing momentum in combination with either one hard lepton, an opposite sign dilepton pair or a same sign dilepton pair. We also set out a set of basic cuts which are helpful in enhancing the signal with respect to the SM3 background. For each of the three kinds of event samples, we then discuss how the kinematics can be used to determine the mass of the heavy quark. In general a significant signal versus the background will be seen in a histogram of the reconstructed mass. In general we highlight two important challenges in reconstruction of the mass. First of all, in the presence of a large number of jets, there will be a potentially large combinatorial background; secondly in some cases there are not enough kinematic constraints to reconstruct the neutrino momenta which make up the missing momentum. In the case of the same sign dilepton pairs the SM3 background is much smaller than the signal which arises in b ′ -pair production thus an excess of high invariant mass same sign pairs is a clear signal for new physics in general and could be produced by b ′ -quarks. In Section IV we discuss in detail the Standard Model (i.e. SM3) backgrounds which contribute to the event samples while in Section V we present our conclusions.
II. DECAY RATES OF HEAVY QUARKS
Let us now consider the main decay modes for the t ′ -and b ′ -quarks. A similar discussion is found in [54, 55] and in [56, 57] the threshold effects at the interface between two body and three body decays are discussed.
If the t ′ is more massive than the b ′ and the splitting is greater than m W then the main decay mode of the t ′ will be t ′ → b ′ W . If the splitting is less than m W then it can decay through the three body modes t ′ → b ′ W * where W * is a virtual W which either decays leptonically or hadronically. The heavy top can also decay through the two body mode to lighter quarks, t ′ → bW + etc.. As we shall show below, unless V t ′ i ≤ 10 −3 the two body mode will generally dominates over the three body mode. In this scenario the lighter b ′ should undergo a two body decay to uor c-quarks with the relative branching ratios depending on the values of V ib ′ .
If the t ′ is lighter than the b ′ ; the t ′ will decay via a 2 body mode to generation 1-3 quarks; in analogy with the b ′ case above, the relative branching ratios depend on the values of V t ′ i . If the splitting is greater than m W , the b
If the splitting is less than m W the dominant decay mode might either be the three body mode b ′ → t ′ W * or the two body mode to generation 1-3 quarks, b ′ → qW − depending on the value of V ib ′ . Again, the two body mode will dominate unless V ib ′ ≤ 10 −3 . Six scenarios for the complete decay chains of a fourth generation quark are thus possible depending on whether the relative mass of these quarks and the CKM matrix coupling to the lighter generations:
where q = u, c, t (with branching ratio depending on the CKM elements).
If
is relatively large, the dominant decay of t ′ is t ′ → qW + with a small branching ratio to the three body decay 
In the scenarios where the dominant b ′ decay is b ′ → qW − , there is an important distinction between the case where q = t and q = u, c. In the q = u, c case the quark will just manifest as a single jet while in the q = t case, the top subsequently decays to t → bW and the W may in turn decay leptonically or hadronically. The collider signature will thus depend on the nature of the W decay.
If the CKM matrix is not unitary (i.e. the fourth generation is not a genuine sequential generation of the SM) or if there is a further fifth generation (thus rendering the 4 × 4 CKM submatrix non-unitary) then there are some possible modifications to the above scenarios. If V t ′ b ′ is small, then in scenarios 1 and 4 it might not be the case that
are the dominant decay modes and these cases will resemble scenarios 2 and 5 respectively. In the case m b ′ + m W > m t ′ > m b ′ where V t ′ i is small enough to suppress the two body decay mode as in scenario 3, it could happen that V qb ′ for q = u, c, t is sufficiently large that the mode t ′ → qW + W − becomes important. If the 4 × 4 CKM matrix is unitary then:
therefore a large V qb ′ will imply a large V t ′ i for some i = d, s or b and so the two body mode must dominate. The analogous argument also applies for the decay b ′ → qW + W − in scenario 6.
A. Decay Rates
Let us now consider the two body decay of a heavy quark q 1 → q 2 W where q 1 is a fourth generation quark and q 2 is either the other fourth generation quark or a 1-3 generation quark.
The total decay rate at tree level is:
where
Note that in the limit that m 2 << m 1 which would be the case if q 2 = u, d, c, s, b, we can approximate Eqn. (2) by:
Conversely if x 21 is not small (i.e. for decays between the two heavy quarks or to tW ) one can expand in this expression in x 1W :
Let us now consider the three body decay q 1 → q 2 f f ′ where, in this paper, we will generally consider q 1 and q 2 to be the fourth generation quarks and f f ′ are light fermion pairs which arise from the virtual W so f f ′ = ud, cs, us, cd , eν, µν or τ ν.
At tree level,
N c (f f ′ ) = 3 for quark pairs and 1 for leptons; V f f ′ is the appropriate CKM element for quark pairs and 1 for lepton pairs and
The factor I(x 21 , x W 1 ) is given by
In the scenarios we are most interested in where the splitting between the two heavy quarks is not very large, the expression in Eqn. (8) is well approximated by:
B. Decay Kinematics and Lepton Energy Spectrum for Two Body Decays
The two body kinematics together with the V-A structure of the W couplings determine the energy spectrum of the lepton arising from the two body t
the kinematic limits of the lepton energy in the rest frame of the b ′ are:
Within this kinematic region, the distribution is given by:
where 
′ pair is produced, the matrix element and the structure functions tend to drive it to lowerŝ = (
The transverse momentum distribution of the lepton should thus be well approximated by the transverse energy distribution of the b ′ at rest. The average transverse momentum is thus given by:
The P T distribution in the limit where the b ′ is at rest is:
In b ′ -quark decay a lepton of the opposite sign may also be produced through the cascade through the top quark,
Again if the b ′ is at rest, we can develop an analytic expression for the energy spectrum of this lepton.
It is useful to divide the spectrum into three segments by the energies:
The energy spectrum is thus
and
and η = √ z 2 − x w
III. EVENT SAMPLES
In order to find evidence for heavy quark pair production at hadronic colliders, we use the decay scenarios discussed above to suggest which signals should be searched for. In this discussion we would like to highlight three issues which lead to acceptance cuts that apply all the signal classes we consider. First of all, we will introduce a set of basic cuts which will preserve the signal but reduce the SM background to a manageable level (about 10× signal). Next, we will consider extracting a reconstructed m Q from the kinematics of the events that pass the basic cuts. We will see that a histogram in the reconstructed m Q generally separates the signal from background and allows the determination of the heavy quark mass. In order to most effectively use this method, however, it is useful to reduce the combinatorial background, particularly if the signal consists of a large multiplicity of jets. As we will show, this combinatorial background can be greatly reduced due to the fact that most of the jets are in pairs resulting from W-boson decay.
Let us first consider the possible heavy quark decay modes and then turn our attention to the analysis of the cases which are likely to be of greatest experimental interest.
In general, if we assume that the heavy quark decays dominantly through a two body decay mode, the net decay of the heavy quark will be to a light quark plus 1-3 of W-bosons If Q is the heavy quark (either a t ′ -or b ′ -quark) and q one of the five lightest quarks u, d, s, c, b, the decay chain will assume one of the following forms:
In particular, decay channel (1) occurs when a t ′ decays to a b, s or d quark and a W-boson or when a b ′ decays to a c or u and a W-boson. Case (1) would be the dominant b ′ decay mode in the mixing scenario where V tb ′ was much smaller than V cb ′ and/or V ub ′ .
Conversely, the b ′ quark will decay dominantly through decay channel (2) if the first decay in its cascade is b ′ → tW where the top quark then decays to bW . The t ′ could also decay through a channel like this in the scenario where
Decay channel (3) would apply if the t
′ cascaded down to the b ′ which in turn decayed via channel (2). Thus
If the mixing between the fourth and third generations is sufficiently small and the quark mass splitting is less than m W then two other decay modes involving three body decay channels may be important:
(W * =virtual W-boson) where in channel (4) Q is the heavier fourth generation quark and Q ′ is the lighter fourth generation quark.
Since the fourth generation quark Q is pair produced, depending on which of the channels above controls the decay, there are potentially up to 6 W-bosons plus 2 light quark jets in the final state. If all those W-bosons decayed hadronically, that would result in a final state with up to 14 jets. In any case the QCD background to a purely hadronic final state is likely overwhelming so we must consider cases where at least one of the W-bosons decays leptonically.
In particular, we will consider the prospect of signals where one or two of the W-bosons decay leptonically. In such a case, the signal will be a final state with one or two hard lepton(s) and significant missing momentum.
Depending on which of the channels 1-5 is dominant for each quark species, it is not unreasonable to suppose that signals of this type will received contributions from both species of quarks. This is a natural situation if the two species are roughly degenerate and so both t ′ and b ′ quarks will be produced at roughly comparable rates, especially if the masses of the b ′ -and t ′ -quarks are around 400-600 GeV and the collisions are at LHC energies, √ s ≃ O(7) TeV. Such a state of affairs can be helpful in building a signal indicating a fourth generation even before the individual contributions from t ′ and b ′ are separately identified. The case where one or two W-bosons decay leptonically therefore leads to three signal channels for the fourth generation of quarks. We will consider the signals in each of these channels in order to determine the signal to background ratio and how the signal may be used to reconstruct the mass of the quark. These issues are related in that the difference in kinematics between SM backgrounds and the heavy quark signals means that if the mass of the quark can be reconstructed, this will provide a good mechanism for separating signals from background.
The three event samples which we consider are as follows:
1. Single lepton sample: The signature of this sample is ℓ + nj + p / T where ℓ is a lepton, either e or µ, nj means n jets and p / T means missing transverse momentum.
2. Like sign di-lepton sample: The signature of this sample is ℓ
Opposite sign di-lepton sample: The signature of this sample is ℓ
Note that for some of the potential SM backgrounds, it might be helpful to consider ℓ 1 = ℓ 2 . Only heavy quarks that cascade to at least two W-bosons will contribute to this sample.
In our analysis we will consider mainly the scenario where the splitting between the two heavy quark masses is less than m W and the CKM element between the fourth generation quarks and lighter quarks is large enough that the dominant decay mode is the two body decay to lighter quarks. Thus the decay modes for the t ′ and b ′ quarks we are mainly considering are:
which are the modes that apply if the dominant mixing of the fourth generation is with the third. The analysis we carry out however easily generalizes to the case where this assumption is weakened. Thus if the decay in fact proceeds through
the kinematics in these cases will be identical to the t ′ decay to bW and so the analysis we discuss below will apply to all of these cases. In addition, if b-tagging can be carried out then we can distinguish the bW final state from u, c, s, or d W .
For our event analysis we first generated the signal and background events with the aid of MadGraph [58] and later interfaced these to PYTHIA6 [59] for further analysis including decays of the top and W's.
For the Q-pair event generation, we wrote the MadGraph model files to incorporate the t ′ and b ′ and their interactions. We use CTEQ6L [60] to evaluate parton densities. The renormalization scale, µ R , and the factorization scale, µ F are fixed at
Jet formation has been done using default PYTHIA scheme implemented through PYCELL. We also incorporate effects of initial state radiation (ISR) and final state radiation (FSR) using the same simulation package.
The basic cuts that apply in these tables on leptons, l = e, µ and, jets, j (including b's) which consists of
• Lepton should have p T l > 25 GeV and |η l | ≤ 2.7, to ensure that they lie within the coverage of the detector.
• jets should have p Tj > 25 GeV and η j ≤ 2.7
• Spatial resolution between lepton -lepton, lepton -jet, and, jet -jet should be ∆R ll ≥ 0.4, ∆R lj ≥ 0.4,
, such that the leptons and jets are well separated in space.
• A missing transverse energy cut, E T > 30 GeV to enhance the likelihood that leptons are due to W decay.
In addition to the cuts mentioned above, we apply the following cuts to reduce the background further:
• A minimum cut on the scalar sum of transverse momenta (H T ) of the final state lepton, jets, and the missing transverse energy of 350 GeV. H T is defined to be: 
Effects of the aforementioned cuts are shown in Table I where results for both quark species are considered and results are given in the cases of √ s = 14, 10 and 7 TeV. In all cases we consider the signals for heavy quark masses m Q = 300, 450 and 600 GeV. In Table I we did not put any isolation cuts on the jets. In Table II we further demand that all the jets are separated with ∆R jj > 0. 4 . We see that this latter requirement does not alter the numbers very much. Table I with the addition of the jet isolation cut that all the jets are separated with ∆R jj > 0.4.
In our approach, to further enhance the signal to background ratio and characterize the fourth generation quarks, we will first consider the reconstruction of the heavy quark mass from the kinematics of the event. In this endeavor we must deal with the combinatorial background that results from the high jet multiplicity; in particular, the kinematic role of each of the jets in the event is not a priori known. This problem is most acute in in the high jet multiplicities which result from b ′ -pair events. We then discuss the various methods which result in the reduction of this combinatorial background. We now detail our analysis in each of the signal types.
A. Analysis of Single Lepton Sample
Under our assumptions, both t ′ and b ′ decays can contribute to signals of this type. For each event of this type, the key to determining the kinematics and therefore the heavy quark mass is the partitioning of the jets between the two Q's in the initial state. In particular, in this case one of the heavy quarks decays only to hadrons while the others decay includes the one lepton observed. We will denote these two heavy quarks by Q h and Q ℓ respectively. Thus if there are n jets, of which k should originate from the Q ℓ then an initial ( n k ) combinations must be tried where only one of the possible partitions will be "correct".
In the correct partition, it is possible to determine the momentum of the unobserved neutrino. If we denote by j h the total 4-momentum of all the jets assigned to the Q h side of the event and j ℓ all the jets assigned to the Q ℓ side of the event then the following five constraints apply to the four undetermined neutrino 4-momentum: (27) Note that if we combine equation (1) and (2) with (3) we can rephrase these two conditions as:
which are linear in ν Generally, we can use two of conditions 1-3 to solve for the t-and z-components of the neutrino momentum while 4 and 5 give the x-and y-components. The remaining condition acts as a check to ensure that we have a consistent partitioning of the jets. For example if for a given partition of the jets in each event we solve {1 ′ , 2 ′ , 3, 4} then (because the equations are linear) we will have a unique determination of ν and therefore |ν| 2 and m
Only for the correct partitions of events will the reconstruction give |ν| 2 ≈ 0. Thus if we plot all possible reconstructions on a scatter plot of |ν| 2 versus |j h | 2 and accept only those events in a strip near |ν| 2 ≈ 0 we should find an accumulation of events near the real value of m Q . Those events outside of the strip are presumably background or wrongly partitioned events. If there were data from two (or more) quarks mixed together in the sample, then there would be multiple peaks corresponding to the masses of each of the quarks present. Since all of the decay channels 1-5 can contribute to this sample, this method will ultimately determine all of the fourth generation masses regardless of which mixing scenario applies.
In Figure 3 we show Leggo plots of the reconstructed m Q versus reconstructed m ν for a number of different scenarios. For the correct partitioning of the jets the events would indeed be at the physical values of m Q and m ν but not so for the incorrect partitions.
Returning to Eqn. 27 we can also use two slightly different approaches to reconstructing the quark mass which may offer some advantages. If we start with constrains {1, 3, 4, 5} then on each event we extract the apparent masses of each side of the event: m ). In this method, for each event the neutrino momentum is determined independently of the partitioning of the jets. However, since the equations are quadratic, there is a two fold ambiguity in the solution so on the scatter plot two points must be plotted for each partitioning of each event increasing the combinatorial background.
In Figure 4 we show a histogram of m Q1 versus m Q2 for the t ′ and b ′ cases. Again the peaks at the correct value of m Q correspond to correct partitioning of the jets.
In Figure 5 we illustrate another approach which is to solve the equations {2, 3, 4, 5} and then reconstruct the W mass as (m
2 . As with the above method the equations here are quadratic giving an additional 2 fold ambiguity. In this approach the resulting scatter plot will be in (m variable. Conversely, using this method, if decay channels (4) or (5) are significant, the case where virtual W-boson decays to ℓν will lead to additional points on the scatter plot with the correct value of j In enumerating the various jet partitions for a given event, it is useful to combine equations (1') and (2') which leads to the inequality:
where this inequality will eliminate at least half of the possible partitions. Let us now see how to use such kinematics to enhance the signal to background. For this, we will start with the method where we solve 1,3,4,5 to determine m Q1 and m Q2 . For a given partition of the jets, we define ∆m Q = |m Q1 − m Q2 |. For a given event, we will select the reconstructed value of m Q , m recon Q to be the value of m Q corresponding to the partition with the minimum value of ∆m Q .
Another cut which may be helpful in limiting the combinatorial background is to first pair up the jets in pairs with roughly the W mass. For example in the t ′ case there must exist one pair of jets which results from the decay of a W-boson and therefore should have an invariant mass of m W . Let us denote the deviation of such a jet pair from m W by, ∆m W = m W − m 2jets , so using this cut, we would only consider partitions of jets where |∆m W | was smaller than some threshold. In the case of b ′ this cut is more constraining since it would apply to three different jet pairs in a given jet assignment.
In Figure 6 we show a histogram of the reconstructed t ′ mass using this method. In the cut on the upper left we just use the basic cuts. In the two plots on the right we use the cut ∆m W < 15 GeV while in the lower two plots we impose the H T cut. Thus the graph on the lower right has both cuts imposed. The plots are shown for the SM background and for m t ′ = 300, 450 and 600 GeV. Clearly the signal peaks well above background and the H T cut appears helpful in enhancing this further.
In Figure 7 we apply the same method to the case of b ′ and again the mass peak is well above the background and the signal is further enhanced by the H T cut. In Figure 8 we consider the same method in the case where we consider the total signal where both species contribute. As an illustration here we are assuming that m b ′ = 450 GeV and m t ′ = 500 GeV. The close mass of the two quarks gives a signal which is larger than we would get if just one quark contributed (see also [61] ). 
B. Dilepton signals
If two of the W-bosons in the decay chains we are considering decay leptonically there will consequentially be two leptons in the final state. If those two W-bosons are of opposite sign then the lepton pair will therefore be of opposite sign while if the two W-bosons are of the same sign then the pair will likewise be of the same sign. Due to the simplifying assumptions we are making, this latter case only occurs in the decay chain of b ′ -quark pairs. Below we will consider the problem of extracting the heavy quark mass from the kinematics in a dilepton signal while here we will consider the characteristics of the signal itself. Hard leptons are often part of the signal of new physics. In this case, the dileptons would be produced in association with jets and missing momentum. To study this signal (for opposite sign and like sign), we selected Montecarlo events passing the basic cuts described above and also imposed the cut that H T > 350 GeV.
In Figure 9 we plot the invariant mass spectrum for opposite sign dilepton pairs in the case of b ′ -and t ′ -quarks of mass 450 and 600 GeV as well as the case with both species present where m b ′ = 400 GeV and m t ′ = 450 GeV. Note that the t ′ decay gives rise to harder leptons because both of the leptonic W-bosons arise from the primary decay while in the b ′ case the spectrum is softer because some of the leptonic W-bosons arise from secondary top decay. Likewise the overall rate for the b ′ -quark signal is large since there are 3 times as many pairs of W-bosons which could decay leptonically to give the signal. Unfortunately, in all cases the SM3 background, largely from top pairs, is so large that it obscures this signal by about an order of magnitude with the cuts we used in these plots.
In Figure 10 we plot the invariant mass spectrum for same sign dilepton pairs in the case of b ′ -quarks of mass 450 GeV and 600 GeV. As discussed in the previous section, the SM background here is not an issue.
The same sign dilepton signal should thus be a prominent signal for b ′ -quarks and from the cross-section and shape of the invariant mass spectrum, one should be able to infer the b ′ mass without considering the kinematics discussed below. In Table III we show the average invariant mass of the dilepton pairs, m ll in the cases considered above. We The average dilepton mass for OSD (opposite sign dilepton) and SSD (same sign dilepton) cases. For the OSD case we consider t ′ -pair and b ′ -pair production as well as the Standard Model background. In the SSD case the background is negligible.
C. Analysis of Like Sign Dilepton Sample
Heavy quark production can contribute to this sample if it decays through channels 2-5 (See Eqns. 21 and 22) . Under the assumptions we are using, this signal will arise from channel (2) which is the case when a b ′ undergoes two body tW decay and the cascade of the top quark gives the second W-boson.
In this case, we can in principle reconstruct both of the unobserved neutrino momenta provided we have the correct assignment of jets. To see how this works, consider the underlying topology of such an event:
Assuming that we have correctly assigned jets or sets of jets to the momenta t 1 , W 2 and b 2 , then the kinematic constraints are:
These kinematic constraints provide 8 equations for the 8 unknown components of ν 1 and ν 2 . In solving these equations there is in general a two fold or four fold ambiguity in additional to the combinatorial ambiguity.
If we take the events from this sample and analyze them in this way, then there will be a peak at the correct value of m b ′ . Figure 11 
D. Analysis of Opposite Sign Dilepton Sample
For the signal where opposite sign dileptons are produced, it is useful to distinguish three different scenarios, for how the leptons arise, which we will denote OSD1, OSD2 and OSD3. These scenarios vary in terms of the number of kinematic constraints which are available to reconstruct the mass of the heavy quark.
OSD1: The first scenario applies only in the case of b ′ production. In this case, it could happen that both of the leptons arise from top decay, for instance in the topology:
Then the reconstruction of the event is overdetermined as in the case of the single lepton signal.
To see this, let us list the kinematic constraints:
Here there are 9 equations to determine the 8 unknown components of ν 1 and ν 2 which is helpful in deciding if a given event is consistent with this topology. In Figure 12 we show a histogram of events reconstructed in this scenario at √ s = 14 TeV. 
OSD2:
The second opposite sign dilepton scenario (OSD2) also applies to b ′ production where we assume that one of the b ′ quarks decays to jets and both of the leptons arise from the decay chain of the other. In the first case, if there is no merging between jets from the two heavy quarks, then for one of the partitions of the jets into j h , the jets from the hadronic Q and j ℓ , the jets from the leptonic Q, m Q is given by j 2 h = m 2 Q . As in the single lepton sample we can somewhat reduce the combinatorial background by noting that the correct partition of jets must satisfy the inequality:
Thus if we construct a histogram of all jet partitions which satisfy this relation, there should be an accumulation at the correct value(s) of m Q . In this analysis it is not necessary to decompose the missing momentum into the two individual neutrinos accompanying the two leptons. In Figure 13 we show a histogram of the reconstructed heavy quark mass in this scenario at √ s = 14 TeV.
OSD3:
The third opposite sign dilepton scenario (OSD3) is the most general. In this case we assume that the leptons are produced promptly from the initial heavy quark decays, for instance This scenario would therefore apply to both t ′ and b ′ pair production since overall we just assume that Q → [W → ℓν] + jets on both sides of the event. Since there are no particles with known masses in the decay chain besides the W -bosons which produce the leptons, this is the least kinematically constrained case.
In general to reconstruct the heavy quark mass we need to reconstruct the neutrino momenta but in this case we do not have enough information to do so. This is evident because the kinematic constraints in this case are:
which provides only 7 constraints on the 8 unknown components of ν 1 and ν 2 and so we are one constraint short of what is required to fully reconstruct the event.
We can, however, take advantage of the kinematics of the heavy quark decay and obtain an approximate value of m Q for an individual event. To do this, note that both the matrix element and structure functions of the proton tend to favor heavy quark production near threshold. If we make the approximation that the Q pair is at threshold, we can replace the first condition above with the following two conditions:
which then gives a total of eight conditions for the eight unknown components of ν 1 and ν 2 . Ifm Q is the reconstructed mass of the Q based on this assumption, the accumulation ofm Q will give an indication of the true Q mass(es). Note that there is a two fold ambiguity in solving this system of equations. In Figure 14 we show a histogram of the reconstructed t ′ and b ′ masses in this scenario at √ s = 14 TeV. In the above three plots (Figures 12-14) , we have assumed that the topology which gives rise to the input was known. In reality, of course, we would not know which scenario might be producing a given event but rather we would have an event with jets plus an opposite sign dilepton passing the initial cuts. Our event sample would therefore be a mixture of OSD1, OSD2 and OSD3 events. To handle this situation let us consider the following approach: we take each event and analyze it as if it is, in turn, and OSD1 event, and OSD2 event and an OSD3 event. Thus for each event we potentially have three sets of reconstructed b ′ masses. In practice much of the time only the correct mode of analysis produces physical results. In any case, in Figure 15 we have used each of the three forms of analysis on each event in a sample of b ′ -quark pairs containing OSD1, OSD2 and OSD3 decay topologies and plotted a histogram of all the reconstructed masses which arise. A single event might contribute multiple points to the histogram. As can be seen, there is still reasonably strong peaking at the correct b ′ mass. It is clear from the above Figures that the masses of t ′ and b ′ can be reconstructed within 10 percent accuracy in all the cases.
E.
2b + 6W signal A very interesting signal arise when the
In this case the branching ratio for t ′ → b ′ W ⋆ will be ≃ 1. Now since b ′ decays into a top and a W boson, in case of t ′ -pair production, our signal will consist of 2b + 6W 's. Below in Tables IV, V we present event rates for the cases when one or two W's decay leptonically for two cases of the mass difference ∆m = m t ′ − m b ′ = 25 GeV and 50 GeV respectively.
In Tables IV, V we note that event rate is lesser for smaller ∆m. This is because the lepton/jets arising due to the decay of off-shell W 's will be relatively softer for smaller ∆m and therefore these leptons/jets will suffer more from the p T cuts on them.
IV. STANDARD MODEL BACKGROUNDS
The leading SM background for the aforementioned processes is due to top pair production, where at least one top decays semileptonically. To this end, in our analysis, we also include process where a top pair is produced with up to 3 jets, i.e. tt+ nj; with n ≤ 3. The other subdominant backgrounds that can affect our signal are due to tri-gauge boson production processes: V V V ; V = W ± , Z. It is to be noted that there can be other sources as well such as ttV V and V V V V but these will be quite small as compared to the aforementioned ones, therefore, we ignored such background in our analysis. We list all the relevant processes and their respective production cross-section in Table VI. Clearly the jets or lepton arising due to the background processes will be relatively softer than our signal. Therefore, with the demand of higher transverse momentum jets and leptons or alternatively a higher scalar sum of transverse mo- Table I. mentum of visible final state particles and the missing transverse energy, H T will reduce the background considerably as shown in Tables I and II for each case.
V. SUMMARY AND CONCLUSIONS
Extending the Standard Model by adding a fourth fermion generation may be helpful in understanding how electroweak symmetry breaking works and possibly also in elucidating the mechanism of baryogenesis in the early universe. The LHC will pair produce fourth generation quarks at a relatively high rate if their mass is in the range 400-600 GeV. Decay channels which result in final states with one or two leptons provide signals which have only modest Standard Model backgrounds.
In this study we considered the case where fourth generation quarks decay predominantly to quarks from the first three generations assuming that the mass splitting between the fourth generation quarks is small. This is likely the decay mechanism of the lightest fourth generation quark and also could be the decay mode for both of the heavy quarks. For such a quark we investigated the signals and backgrounds in three different channels: (1) Single lepton plus jets and missing momentum; (2) Opposite sign dilepton pair plus jets and missing momentum and (3) Same sign dilepton pair plus jets and missing momentum. In all cases, we first consider a basic set of cuts which eliminates a large portion of the background but generally leaves the signal intact. To further isolate the signal we use the kinematics of the event to reconstruct the heavy quark mass.
In the case of a single lepton plus jets and missing momentum, we can use the fact that the missing momentum arises form a single neutrino which is associated with the lepton in the decay of a W-boson. This constraint over determines the kinematics once the role of the jets is correctly assigned. In particular one can extract independently a mass for the heavy quark both from the hadronic and leptonic sides of the event. We find that the combinatorial background from the many possible jet assignments can be greatly reduced if you accept only the jet assignment which minimizes the discrepancy between the two mass determinations. Other cuts which are helpful in reducing the combinatorial background are a cut on H T and a cut on ∆m W which tends to force jet pairs which arise from the decay of a single W boson to be assigned to the same side of the event.
If the single lepton event arises from the decay of a heavy quark to a light quark other than the top (i.e. which we have generally taken to be a t ′ in our discussion), there are a total of four jets in the final state so the combinatorial background is not particularly severe. If, however a b ′ quark decays to a tW final state, then there are eight jets in total and the combinatorial background may pose a problem for quarks in the heavier mass range. Thus we have considered what mass resolution is required in order to satisfactorily implement the minimum ∆m Q selection of the correct jet assignment.
In the case of an opposite sign dilepton pair, if the heavy quark does not decay to a top quark, there are only 2 jets so there is no large combinatorial background; however, the kinematics of such events is underdetermined so the quark mass cannot precisely be extracted on an event by event basis. But if we make the approximation that the two heavy quarks are at rest in their center of mass frame, we can deduce roughly the heavy quark mass which evidently separates the signal from the background well enough to provide a prominent signal and determine the heavy quark mass.
In the case where a b ′ decays to tW there are three cases which could apply depending on whether 0, 1 or 2 of the leptons arise from top decay. For each lepton which arises from top decay there is an additional constraint on the momentum of the associated neutrino; therefore, in these scenarios the kinematics is either under determined, critically determined or over determined respectively. For a given event we do not initially know which of these scenarios applies, however, if we iterate over the three scenarios and all jet assignments, most of the wrong assignments lead to unphysical neutrino momenta so that retaining the cases which can be reconstructed we produce a satisfactory signal and reconstruction of the heavy quark mass. The same sign dilepton signal only arises in the scenario where b ′ → tW and results in kinematics where the neutrino momenta are critically determined. This channel has the advantage that the Standard Model background is negligible. As in the opposite sign case, we can resolve the combinatorial background by taking only cases where there are physical solutions for the neutrino momenta and thus obtain the heavy quark mass. Thus the mass of the heavy quark may be determined by the kinematic reconstruction or through the characteristics of the invariant mass distribution of the dilepton pair.
